The high level of functional diversity and plasticity in monocytes/macrophages has been defined within in vitro systems as M1 (classically activated), M2 (alternatively activated) and deactivated macrophages, of which the latter two subtypes are associated with suppression of cell mediated immunity, that confers susceptibility to intracellular infection. Although the Leishmania parasite modulates macrophage functions to ensure its survival, what remains an unanswered yet pertinent question is whether these macrophages are deactivated or alternatively activated. This study aimed to characterize the functional plasticity and polarization of monocytes/macrophages and delineate their importance in the immunopathogenesis of Post kala-azar dermal leishmaniasis (PKDL), a chronic dermatosis of human leishmaniasis. Monocytes from PKDL patients showed a decreased expression of TLR-2/4, along with an attenuated generation of reactive oxidative/nitrosative species. At disease presentation, an increased mRNA expression of classical M2 markers CD206, ARG1 and PPARG in monocytes and lesional macrophages indicated M2 polarization of macrophages which was corroborated by increased expression of CD206 and arginase-1. Furthermore, altered vitamin D signaling was a key feature in PKDL, as disease presentation was associated with raised plasma levels of monohydroxylated vitamin D 3 and vitamin D3-associated genes, features of M2 polarization. Taken together, in PKDL, monocyte/macrophage subsets appear to be alternatively activated, a phenotype that might sustain disease chronicity. Importantly, repolarization of these monocytes to M1 by antileishmanial drugs suggests that switching from M2 to M1 phenotype might represent a therapeutic opportunity, worthy of future pharmacological consideration. 
Introduction
Leishmaniases comprise a group of heterogeneous parasitic diseases caused by the protozoan parasite Leishmania with its spectrum ranging from a self-healing cutaneous variant to the often fatal visceral leishmaniasis (VL). Post kala-azar dermal leishmaniasis (PKDL) is the dermal sequel of VL, wherein Leishmania parasites remain restricted to the skin and manifest as nodular, papular, hypopigmented macular lesions, erythematous plaques and/or a mixed phenotype, termed as polymorphic [1] . The etiopathogenesis of PKDL is still unclear and a consensus is yet to emerge regarding possible causes for the generally viscerotropic L. donovani parasite to generate PKDL. In PKDL, similar to other leishmaniasis, Leishmania have developed several strategies to outmanoeuvre host immunity via subverting and/or suppressing macrophage microbicidal activities [2] .
It is universally accepted that monocytes-macrophages have a range of biological roles being inducers, regulators and effectors of innate and acquired immunity. They also actively participate in physiological processes associated with wound healing and tissue repair [3] . Upon stimulation with Th1-associated cytokines, notably IFNγ, they acquire a heightened effector function against intracellular pathogens, referred to as a classically activated or M1 phenotype. Conversely, in the milieu of Th2 associated cytokines e.g. IL-4, IL-13, IL-33, TGF-β and IL-10 [4] or via microbial triggers [5] , there is M2 polarization or alternative activation. The differentiation of M1 and M2 monocytes/macrophages is regulated by cardinal genes that include inducible nitric oxide synthase (iNOS), arginase 1 (ARG1), mannose receptor (CD206) and Fizz1 among others [4, 6] . M2 macrophages can impede protective immunity to protozoan infection. In an animal model of cutaneous leishmaniasis (CL), Holscher et al., [7] demonstrated that alternative activation favoured disease progression, whereas the impairment of M2 macrophages significantly delayed disease progression. In studies regarding human leishmaniasis, raised levels of arginase have been demonstrated in neutrophils and low density granulocytes [8, 9] . Similarly, in diffuse cutaneous leishmaniasis (DCL), a more chronic form of leishmaniasis more akin to PKDL, there was an elevation of the arginase pathway (arginase-1, ornithine decarboxylase and polyamine) [10] . Furthermore, this study validated that inhibition of arginase-1 or ornithine decarboxylase abrogated parasite replication within human macrophages [10] .
Our understanding of the phenotypic and functional complexity of M2 monocytes-macrophages is limited by discordance between data derived from murine vs. human systems [11] . Unlike classically activated macrophages, where human and murine cells respond similarly, the molecular phenotype of alternatively activated macrophages in mice and humans have to date shown a limited overlap [12] . Additionally, as the dichotomy of M1 vs. M2 is still not clearly defined [4] , it emphasized the importance of undertaking human studies, especially with regard to infectious diseases. Accordingly, this study aimed to delineate in patients with PKDL the activation status of monocytes in peripheral blood and dermal macrophages, thus providing the first characterization of M2 polarized macrophages in human dermal leishmaniasis. Furthermore, we demonstrate the repolarization of monocytes after antileishmanial chemotherapy suggesting that therapeutic options designed to restore the M1:M2 balance may be effective in disease elimination.
Materials and Methods

Ethics statement
The study received approval from School of Tropical Medicine Kolkata (STM) and Institute of Postgraduate Medical Education and Research, Kolkata. Studies on tissue biopsies were approved by the UK National Research Ethics Service. Written informed consent was obtained and for a minor, their legally accepted representative provided the same.
Study population
From 2010-11, patients suspected with PKDL (n = 34; Table 1 ) were recruited from the Dermatology Outpatient Department, STM, based on clinical features and a prior history of VL or were resident in a VL endemic area. Diagnosis was confirmed by the rK39 strip test (In Bios International, Seattle, USA) and ITS-1 PCR from skin biopsies. Patients received Miltefosine (100 mg/day p.o. 4 months, n = 14) or sodium antimony gluconate (20 mg/kg b.w., i.m. 4 months, n = 20). Age and sex-matched healthy volunteers (n = 15) recruited from nonendemic areas were seronegative for anti-leishmanial antibodies. Samples were collected at disease presentation and upon completion of treatment (Table 1) , which varied from 3-4 months, based on patient compliance. The analysis plan is shown in Fig 1. 
Isolation of monocytes
Peripheral blood diluted with phosphate buffered saline (0.01M pH 7.2, PBS) was layered over a monocyte isolation medium (3:1; HiSep LSM-1073) and centrifuged (400g, 30 minutes). The monocyte rich interface was washed twice in PBS and then resuspended in RPMI-1640, supplemented with penicillin (100 U/mL), streptomycin (100 μg/mL) and 10% heat-inactivated fetal bovine serum. To confirm purity, monocytes were initially gated on their forward vs. side scatter characteristics followed by CD14 positivity. The absence of PMNs was checked by CD15 negativity and cells were used for immunophenotyping and/or mRNA expression studies.
RT. Cells were then stained with anti human TLR-2 PE and TLR-4 FITC (BD Biosciences, San Jose, CA, USA) for 15 minutes. Cells were then washed twice and resuspended in PBS-2% FBS for acquisition in a flow cytometer (BD FACS Calibur, BD Biosciences, San Jose, CA, USA). 
Measurement of the oxidant status
Monocytes (5x10 5 ) after centrifugation (400g, 5 minutes) were resuspended in PBS and stained with 4,5-diaminofluorescein diacetate (DAF-2DA, 2 μM, 30 minutes,37°C, Cayman Chemicals, Ann Arbor, Michigan, USA). The fluorescence of DAF-2T was acquired in a flow cytometer in the FL-1 channel [14] . The generation of ROS and levels of non protein thiols was measured in monocytes (5 x 10 5 /mL) stained with 5-(and-6)-carboxy-2',7'-dichloro dihydrofluorescein diacetate, acetyl ester (CMH 2 DCFDA, 2.5 μM) and 5-chloromethylfluorescein diacetate (CMFDA, Molecular Probes, Carlsbad, CA, USA) respectively [15] ; the fluorescence of DCF and CMF was acquired in a flow cytometer. Superoxide production was measured using the cytochrome c reduction assay [16] .
For analysis, monocytes were gated on their forward vs. side scatter characteristics as previously shown [14] ; 5000 monocytes were acquired and data analyzed by Cell-Quest pro software. The expression of markers was indicated as geometric mean fluorescence channel or GMFC. To minimise day to day experimental variation and auto-fluorescence, an unstained control was included for each sample. Patient samples were analyzed alongside a healthy control, to minimise the effects of any temporal changes in experimental setup (cathelicidin) and β-actin (S1 Table) . Primers were designed using NCBI gene bank reference sequences of human genes and their specificity for humans were confirmed by Basic Local Alignment Test (BLAST) in NCBI. The amplification cycle comprised 35 cycles of denaturing (94°C for 30 seconds), annealing for 30 seconds (varying temperature for each primer set; S1 Table) , extension (72°C for 60 seconds), and a final extension at 72°C (10 minutes). Products were resolved on agarose gels (2%) containing ethidium bromide (0.5 mg/mL), observed and analyzed in G-BOX gel doc [Syngene, Cambridge, UK] using Gene Tools (Version 4.01.04) software. The values were normalized to β-actin, which was considered as 100% for each individual.
Detection of Arginase-1 and Mannose receptor
Immunofluorescent staining was performed on paraffin embedded skin biopsies, mounted on glass slides, deparaffinised in xylene and then rehydrated in graded alcohol. For antigen retrieval, slides were placed in a pre-warmed antigen retrieval solution (S1699 DAKO citrate buffer pH 6.0, diluted 1:10, Cambridge, UK) and incubated in a water bath for 30 minutes at 95°C. The slides were then brought to room temperature (20 minutes) and washed with PBS. After blocking the non specific binding sites with PBS + 5% goat serum for 30 minutes, they were stained overnight at 4°C with anti human CD68 ( 
Measurement of plasma 25(OH) Vitamin D 3
Plasma levels of 25(OH) Vitamin D 3 were measured using a 25 hydroxyvitamin D radio immunoassay kit (DiaSorin, Stillwater, Minnesota, USA), range being 9.0-37.6 ng/mL and sensitivity was 1.5 ng/mL.
Statistical analysis
Data was analyzed between groups by Kruskal-Wallis test followed by Dunn's multiple comparison tests for non-parametric data for analysis of variance. For non-parametric paired data, Wilcoxon signed rank test was performed using Graph Pad Prism software (version 5.0), p<0.05 being significant. All data are expressed as mean ± SEM and horizontal bars in graphs indicate SEM.
Results
Study population
Patients with PKDL (n = 34; Table 1 ) showed a male preponderance, the male: female ratio being 7.5:1. Majority had polymorphic lesions i.e. hypopigmented macules and nodules/ papules, while a minority showed exclusively hypopigmented macules. The rk39 test was positive in 33/34 (the rk39 negative patient was confirmed by ITS-1 PCR) and in polymorphic lesions, the presence of Leishman Donovan bodies was identified by Giemsa staining. Irrespective of treatment, the assessment of cure was clinical and parasitological (ITS-1 PCR negative). At presentation, their hemoglobin levels and leukocyte counts were comparable with controls i.e. no anemia or pancytopenia which are consistent features of VL. In patients, a maximum of 10 ml blood was provided which yielded 1-2 x 10 7 cells. As 5 x 10 5 -2 x 10 6 cells were required per analysis, all markers could not be evaluated in each patient, and patients were randomly selected for individual assays.
Monocytes have a reduced expression of TLR2 and TLR4
In PKDL, as compared to healthy controls, the frequency of CD14 + monocytes expressing 
Monocytes demonstrated an impaired oxidative burst
At presentation, the ex-vivo levels of NO in monocytes was significantly diminished as compared to controls (GMFC, 125.40 ± 32.74 vs. 306.30 ± 20.78 respectively; p<0.01; Fig 2C) . With treatment, monocytes regained their ability to generate NO (371.50 ± 76.51; p<0.01 vs. pre-treatment; Fig 2C) . Similarly, the generation of ROS was significantly attenuated at presentation vis-a-vis controls (858.70 ± 171.70 vs. 2132.00 ± 259.90 respectively; p<0.01; Fig 2D) . Treatment increased fluorescence, but remained lower than controls (1396.00 ± 158.20; Fig  2D) . Alongside, the production of superoxide too was significantly lowered at disease presentation (1.98 ± 0.39 vs. 4.40 ± 0.12 nM, p<0.01) but changed minimally with treatment (3.00 ± 0.79 nM).
Variations in the anti-oxidant status impact on the redox balance and thereby on macrophage host defence functions. The intramonocytic levels of non protein thiols which primarily comprise glutathione were examined in terms of CMF derived fluorescence, wherein increased fluorescence indicated enhanced intracellular levels of non protein thiols [15] . At disease presentation, the fluorescence of CMF was significantly higher than controls (2931.00 ± 445.20 vs. 926.00 ± 160.60; p<0.01; Fig 2E) . Importantly, it negatively correlated with decreased levels of ROS (r = -0.57), corroborating the presence of a robust anti-inflammatory milieu. Treatment significantly attenuated fluorescence vis a vis active disease (1541.00 ± 415.90, p<0.05, Fig 2E) .
Monocytes can differentiate into inflammatory or anti-inflammatory subsets, but their classification in relation to functional phenotypes has not been precisely defined. 
PKDL patients showed features of M2 polarization in peripheral blood
As decreased generation of reactive oxygen and nitrogen radicals are suggestive of an alternative activation [4, 18] , monocytes from PKDL patients were examined for a M2 phenotype. In circulating monocytes from controls and treated patients, the mRNA expression of nuclear receptor PPARG which regulates oxidative metabolism in macrophages [19, 20] was minimal, but increased~50-fold during active disease (Fig 3A) . The arginase activity, being downstream of PPARγ signaling [4, 20] was also enhanced in PKDL [13] . It was supported by a 5.29 fold increase in mRNA accumulation of ARG1 in circulating monocytes (p<0.01; Fig 3B) , which with treatment significantly decreased by 2.6 fold (p<0.01; Fig 3B) . In circulating monocytes from controls, mRNA accumulation of mannose receptor (CD206/MR) was negligible ( Fig  3C) , but increased 14 fold at disease presentation, and returned to baseline after treatment (p<0.01, Fig 3C) . This translated into an enhanced surface expression of CD206 on monocytes during active disease and decreased with treatment (p<0.05, Fig 3D) . Collectively, blood monocytes from PKDL patients showed strong evidence of M2 polarization, which with disease resolution repolarized to a M1 phenotype.
Altered intramonocytic cytokine production
In PKDL, a mixed cytokine profile with a Th2 bias has been reported [13, 21] , but the contribution of monocytes remains unclear. We analyzed the intracellular cytokine producing ability of CD14 + monocytes by gating monocytes initially on their morphology, followed by CD14 expression and then calculated the % of CD14 + -cytokine positive cells. At disease presentation, the frequency of CD14 + IL-6 + monocytes was significantly attenuated vis a vis controls (37.31 ± 8.67% vs. 92.56 ± 3.59%, p<0.05, Fig 4 and S2A Fig) , but increased significantly posttreatment (76.36 ± 8.42%, p<0.05, Fig 4 and S2A Fig) . Similarly, IL-1β showed a significant 1.92 fold decrease vis-a-vis controls (44.17 ± 11.99% vs. 84.88 ± 7.22%, p<0.01, Fig 4 and S2B  Fig) and reverted with treatment (82.90 ± 7.29%, p<0.05, Fig 4 and S2B Fig) . Like IL-6 and IL-1β, the frequency of CD14 + IL-8 + monocytes was decreased at presentation (52.31 ± 9.13% vs.
84.02 ± 2.68%, p<0.05, Fig 4 and S2C Fig) , but was restored post-treatment (82.02 ± 3.64%, p<0.05, Fig 4 and S2C Fig) . Contrary to expectation, the frequency of IL-12p40 significantly increased in PKDL vis a vis controls (2.37 ± 0.44% vs. 0.55 ± 0.11%, p<0.05, Fig 4 and S2D  Fig) . It remained elevated post-treatment (2.46 ± 0.38%, p<0.01, Fig 4 and S2D Fig) , and was substantiated at the mRNA level ( S3 Fig). The intramonocytic levels of TNF remained unchanged during active disease (2.49 ± 0.59% vs. 1.13 ± 0.36%) and with treatment (1.56 ± 0.40%).
A key anti-inflammatory cytokine secreted by M2 monocytes is TGF-β, a homodimer comprising LAP and TGF-β1. During cellular activation, cleavage of TGF-β1 from LAP results in TGF-β1 secretion. Therefore, the intramonocytic LAP-TGF-β1 complex indirectly reflects the status of TGF-β1 [22] . In PKDL, the frequency of LAP-TGF-β1 vs. controls was significantly reduced (4.26 ± 1.27% vs. 33.66 ± 10.44%, p<0.05 Fig 4 and S2E Fig) , indicative of raised functional levels of TGF-β1, which increased with treatment (31.06 ± 8.65%, p<0.05, Fig 4 and S2E  Fig) . To confirm that this decrease in LAP-TGF-β1 was not attributable to decreased synthesis, mRNA expression of the LAP-TGF-β1 complex was measured. A 10 fold increase was evident As M2 polarization requires a milieu comprising IL-4, IL-10 and IL-13 [19] , levels of these cytokines were estimated in patients with PKDL. The levels of IL-4 were significantly raised as compared to healthy individuals (126.80 ± 12.57 vs. 61.35 ± 6.36 pg/ml, p<0.05), as was IL-10 (37.06 ± 4.14 vs. 12.68 ± 2.05 pg/ml, p<0.01) and IL-13 (184.10 ± 45.22 vs. 7.77 ± 1.38 pg/ml, p<0.001), thus corroborating with previous reports [13] . Treatment caused a significant decrease in IL-10 (21.33 ± 3.66 pg/ml, p<0.01), reiterating its importance in leishmaniasis.
Dermal macrophages showed M2 polarization
In patients with PKDL, an increased proportion of CD68 + macrophages was reported at the lesional sites, that regressed with treatment [23] , and was corroborated in this study. An increased accumulation of PPARγ mRNA as compared to controls and post-treatment ( Fig 5A) was accompanied by a significant increase in the mRNA of ARG1 (Fig 5B) . Confocal immunofluorescence confirmed localisation of arginase-1 within CD68 + macrophages. Posttreatment, the decrease in CD68 + was associated with a concomitant decrease in arginase-1
( Fig 5C) . The lesional 13.9 fold increase in CD206 mRNA as compared to controls and post-treatment reinforced the M2 polarized status (13.86 ± 0.92; p<0.01 and p<0.001 respectively; Fig  5D) . In addition, this was mirrored by raised protein expression evident via confocal microscopy (Fig 5E) . With treatment, the decreased proportion of CD68 + macrophages resulted in a decreased expression of CD206 (Fig 5E) . An expression of CD206 was also identified on CD68 -cells whose number also decreased with treatment, but their identity remains to be established. H&E staining confirmed the absence of polymorphonuclear cells (PMNs). Collectively, in PKDL, the M2 polarization that was evident in peripheral blood is also a consistent feature of monocytes/macrophages within dermal lesions.
Vitamin-D signalling pathway during PKDL
As Vitamin D receptor signaling has been linked to M2 polarization and generation of antimicrobial peptides [24] , this pathway was examined as it may underlie the systemic and local M2 polarization in PKDL. Plasma 1α,25-dihydroxyvitamin D 3 (1,25D3) was significantly raised during PKDL, compared to controls and post-treatment (20.50 ± 3.32 vs. 8.05 ± 2.99 vs. 13.68 ± 2.92 ng/mL respectively, Fig 6A) . The bioactive 1,25D3 is generated from its inactive prohormone by vitamin D-1α-hydroxylase, encoded by CYP27B1. In keeping with the elevated plasma levels of 1,25D3, an increase in CYP27B1 mRNA accumulation was evident (Fig 6B and  6C) . VDR is responsible for nuclear signaling of 1,25D3, and its accumulation in patient monocytes and skin biopsies was accompanied with an 11-fold increase in the downstream antimicrobial effector peptide cathelecidin (hCAP18/LL-37, Fig 6B and 6C) . Treatment reduced most components of the Vitamin D signalling pathway, though levels did not always return to levels comparable with controls (Fig 6B and 6C) .
Discussion
Papulo-nodules in PKDL being parasite-rich have fuelled speculation of its pivotal role in the transmission of VL especially in South Asia, where VL is anthroponotic making patients with PKDL the strongest contenders to be the disease reservoir. Accordingly, its eradication should be an essential component of the VL elimination programme [http://www.who.int/tdr/ publications/documents/kala_azar_indicators.pdf; last accessed on 1 st March 2015], emphasising the importance of establishing a greater understanding of the immunopathogenesis of PKDL. In the absence of an experimental model, the challenge of delineating the immunoclinical determinants of PKDL lies squarely on the shoulders of clinical researchers which constituted the focus of this study (Fig 1) . In experimental and human VL, attenuation of the oxidative burst, secondary to reduced phosphorylation of MAPKs occurred through the TLR-2 pathway [25, 26] or the CD40 signalosome [27] . Similarly in PKDL, the decreased expression of TLR-2/4 might also translate into impaired MAPK signalling, resulting in the intramonocytic redox imbalance tilting towards an anti-inflammatory milieu (Fig 2) . Importantly, with chemotherapy, the generation of NO, but not ROS was significantly increased (Fig 2) . This was concordant with studies in VL wherein NO played a pivotal role and was associated with TLR-4 [26, 15] . However, in patients with CL (L. braziliensis and/or L. guyanenesis), NO played an insignificant role, ROS being more important [28] , suggesting that alterations in the redox status are attributable to parasite species and disease manifestations. Taken together, monocyte-macrophage dysfunction is a hallmark of (N 1-3) , patients with PKDL pre (Pre 1-3) and post treatment (Post 1-3) . Scatter plots indicate RT-PCR products in healthy controls (•), patients with PKDL (Pre t/t, &) and after treatment (Post t/t, ▲). These RT-PCR products were quantified by densitometric analysis after normalization with β-actin, along with before and after plots of the same. C: Expression of arginase-1 (green, Panels 1 and 2) in CD68 + macrophages (red, Panels 1 and 2) at the lesional site of a patient with PKDL (Pre t/t) and post treatment (Post t/t). Nuclei are shown in blue (DAPI, Panels 1 and 2). Co-localization of macrophage and arginase-1 appears as yellow. PKDL and is facilitated by the immunosuppressive microenvironment of IL-4, IL-13 and IL-10 [13] , which are essential stimuli for driving monocytes towards innate deactivation or alternate activation.
In mouse monocytes/macrophages, the intricate network of signalling molecules, associated transcription factors along with post transcriptional regulators mediating the different forms of activation are well delineated [29] . IL-4 and IL-13 via STAT6 activation are known to skew the macrophage function towards the M2 phenotype leading to transcription of genes typical of M2 polarization, notably Mannose receptor (Mrc1), Arginase (Arg1), PPARγ (PPARG) and Fizz1 among others [12] . However, efforts to simulate the murine scenario by pulsing human monocyte derived macrophages with IL-4 or IL-13 failed to demonstrate arginase-1 expression, based on which conclusions were inferred that Arg1 is strictly restricted to mouse M2 cells [11] . However, this ex-vivo situation may well be a cytokine induced artefact, as in vivo, human monocytes require multiple signals to establish the entire spectrum of alternative activation [30] . Indeed, in patients with filariasis, an increased expression of arginase-1 in M2 monocytes was demonstrated [31] . This was mirrored in our study and endorsed our proposition that in parasitic diseases, an enhanced expression of arginase-1 is a feature of M2 polarized human monocytes/macrophages (Fig 3B) . Studies in human VL and CL have also demonstrated increased arginase activity sourced from low density granulocytes [8, 9] . Importantly, this increased presence of arginase supports parasite survival by increasing the availability of polyamines [10, 32] . Additionally, the decreased availability of the microbicidal nitric oxide would also support disease progression. In a hamster model of VL, L. donovani directly induced STAT-6 phosphorylation and increased arginase-1 leading to disease progression [33, 34] . The process was augmented by exogenous IL-4 and other factors like insulin like growth factor 1 (IGF-1) and fibroblast growth factor [FGF, 33, 34] . Furthermore, the raised plasma arginase [13] translated into depletion of L-arginine and led to an impairment of T cell functions [32] . Taken together, induction of arginase-1 drives disease progression and its blockade might support disease resolution.
Although during PKDL, monocytes/macrophages parasites reside primarily in dermal lesions, changes were observed in systemic monocytes (Figs 3 and 4) suggesting that M2 polarization is not a direct consequence of intracellular subversion strategies employed by the parasite [35] . However, we cannot formally rule out the possibility that parasite-derived immune modulators e.g. in exosomes [36] mediated this effect. As plasma IL-4, IL-10, IL-13 and TGF-β was elevated in PKDL [13] , it is more likely that polarization occured following bystander responses to inflammation and immune activation [37] . As monocytes are yet to be segregated into M1 and M2, it would be prudent to endorse the increased expression of PPARγ, Arg1 and CD206 (Fig 3A-3D ) by complimentary studies wherein biomarker expression of infected monocytes should be compared with uninfected monocytes after being pulsed with IL-4 and/ or IL-13.
A key factor for development of the M2 phenotype is activation of PPARγ, a transcription factor of the nuclear hormone receptor family that acts downstream of STAT6 signalling to regulate macrophage metabolism. In experimental models of leishmaniasis [38] , upregulation of PPARγ by IL-4 was demonstrated to instill monocytes/macrophages with potent antiinflammatory and Th2 functionalities [38] , essential for disease progression. PPARγ through its transrepressive action blocks expression of iNOS and NF-κB mediated transcription of proinflammatory mediators [39] . In addition, cytosolic PPARγ by interfering with activation of PKC-α can suppress NADPH oxidase and impair generation of superoxide and NO. Furthermore, as PPARγ is responsible for the enhanced expression of CD206-mannose receptor [40] , their increased expression at disease presentation in lesional macrophages and circulating monocytes, provided strong endorsement of M2 monocyte/macrophage polarization (Figs 3  and 5) . The presence of CD68 -
CD206
+ cells in dermal lesions could be inflammatory dermal dendritic cells, which although absent in normal human skin have been demonstrated in the epidermis of patients with psoriasis and atopic dermatitis [41, 42] . Ideally, to specifically address the relevance of CD68 + macrophages in disease outcome, the features of M2 polarization should be demonstrated in isolated CD68 + macrophages by comparing arginase expression in macrophages vs. arginase expressed by other cells e.g. low density neutrophils. However, owing to limited availability of clinical material, this was not feasible and importantly, PMNs were absent in H&E stained sections at disease presentation and post treatment. The M1 monocytes/macrophages produce primarily pro-inflammatory cytokines (IL-6, IL-8, IL-1β, TNF-α and IL-12), whereas M2 monocytes sustain their immunoregulatory and immunosuppressive phenotype via IL-10 and TGF-β [4] . In agreement, monocytes in PKDL patients generated lower amounts of IL-6, IL-1β and IL-8 (Fig 4 and S2A-S2C Fig) . Interestingly, a small but significant population of monocytes expressed the pro-inflammatory IL12p40, and their frequency remained high post treatment (Fig 4 and S2D Fig) , similar to a study by Gupta et al [43] . In PKDL, IL-10 and TGF-β, signature cytokines of M2 monocytes play a vital role in disease progression [44] . This was confirmed by our study wherein circulating monocytes were established to be a rich source of TGF-β (Fig 4E) . With treatment, the decrease of TGF-β in monocytes strengthened the notion that in PKDL, monocytes are alternatively activated, with treatment repolarizing them towards a M1 phenotype. As lesions in PKDL tend to mirror clothing habits and consistently appear in sun exposed areas [1, 2] , the contribution of Vitamin D 3 , whose synthesis increases following UV or sunlight exposure was explored. VitD 3 is a potent immunosuppressant of macrophages/monocytes that downregulates TLR-2/4 and monocyte co-stimulatory molecules [45] . Additionally, VitD 3 inhibits production of intramonocytic pro-inflammatory cytokines by modulating the MAPK phosphatase-1 [46] and induces M2 polarization [47] . In Behcet's disease, a chronic inflammatory disorder, TLR 2/4 expression negatively correlated with vitamin D 3 and importantly, the dose dependent treatment of vitamin D 3 decreased inflammation, as also decreased the expression of TLR-2/4 [48] . Our data in PKDL suggests a similar scenario as decreased expression of TLR 2/4 was concomitant with increased vitamin D 3 (Figs 2 and 6 ). This was in concordance with a L. major model wherein VDR knockout mice showed resistance to infection. Alongside, addition of 1,25(OH) 2 D 3 to L. major-infected macrophages translated into induction of arginase-1, down regulation of iNOS and parasite persistence [49] . Similarly, in PKDL, raised serum 25(OH)D 3 was accompanied by an enhanced mRNA expression of CYP27B1, VDR and LL-37, indicating that infection upregulated the molecular switch needed for monocyte polarization towards a M2 phenotype (Fig 6) .
Differential polarization of macrophages in diverse disease conditions confirms the plasticity of macrophages, with M1 polarization evident in inflammatory and autoimmune diseases such as diabetes, atherosclerosis and sepsis, while a strong M2 or M2-like polarization has been proposed in cancers, chronic parasitic, viral or bacterial diseases [4, 19] . Conversely, the inability to switch to an M2 phenotype may underlie the failure to resolve inflammation e.g. chronic venous ulcers [50] . Like in tumors, M2 polarized macrophages and dendritic cells, have been proposed to contribute towards subversion of adaptive immunity thus promoting tumor growth and progression [51] , it may be envisaged that the Leishmania parasite ensures its survival by creating an immunosuppressive milieu via M2 polarization of macrophages and a decrease in dendritic cells [23] , thus collectively causing impairment of antigen presentation. Ideally, studies confirming the functional phenotype are recommended and best addressed in an ex vivo assay, the limiting factor being the availability of lesional material. Accordingly, reorientation of these polarized macrophages is now an integral component of macrophage targeted therapy [19] . It can be envisaged that in diseases like leishmaniasis, the strategy of reshaping and reorientation of macrophage polarization could be a promising therapeutic modality worthy of future consideration.
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